Very few developments have been done to provide electric power supply of instrumented hip prosthesis. Actually, vibration-powered generators are the most appropriate mechanisms for this kind of application's environment. This paper describes the first attempt to develop the concept of energy harvesting from multiple energy sources applied in the same hip implant. Exploiting the potential of the three angular movements over the femoral component, namely in the abduction-adduction, flexion-extension and inward-outward rotation axes, three inboard vibration-based mechanisms were developed in order to ensure electric power supply from multiple energy sources. A total of 53.7 µJ/s was harvested by a translation movement-based electromagnetic energy generator when a sinusoidal function with an amplitude of 40 mm and a frequency of 4 Hz was applied. A rotation movement-based electromagnetic energy generator has harvested 0.77 µJ/s when a sinusoidal function with an amplitude of 60 ¥ and a frequency of 2.5 Hz was used. The piezoelectric energy harvester has achieved 0.6 µJ/s with the application of a sinusoidal function with an amplitude of 200 N and a frequency of 4 Hz. Besides, its ability of being fully autonomous, operating without expiry and maintenance, while offering safety during its entire lifetime are relevant features. This paper should provide the basis for the development of smart hip prosthesis with the ability to fix the aseptic implant loosening problem.
INTRODUCTION
Loosening of the prosthetic stem and cup is a serious complication of the Total Hip Replacement Arthroplasty (THR), being referred that more than 80% of the non-success surgical procedures are due to implant loosening (Alpuim et al., 2008) . Generally, the revision rate is about 10% in the case of prosthesis implanted 10 years before. However, a growth of about 100% is estimated in the revision procedures in the EUA by 2030 (Kurtz et al., 2007) . The progressive bone loss surrounding the implant is considered the main cause of the THR failure. The revision surgeries are more complex, more expensive, more painful and present a non-success rate higher than primary THRs. Taking into account the increase of the average life expectancy and the number of THRs applied in young patients, the development of durable hip prosthesis is imperative. The current instrumented prosthesis proposals have only been designed to collect forces and kinematics data acting in vivo, in order to promote the continuous optimization of such implants (Damm et al., 2010; Heinlein et al., 2009; Westerhoff et al., 2009; Rohlmann et al., 2008; Heinlein et al., 2007; Graichen et al., 1999) . The expertise of these implants does not allow continuous real-time problem solving, but only provides data to support new research. To avoid the need of revision surgeries, a new concept of prosthesis is emerging to diagnose and contribute to fix the loosening problem: methodology based on the use of mechanical micro-stimulation to promote the remodelling of the bone surrounding the implant, considering that bone resorption and deposition are strongly related to mechanical stimuli . Therefore, the smart hip prosthesis should allow the osteointegration monitoring in the critical regions of the bone-implant interface (self-diagnosis function) and mechanically micro-stimulate the local region under loosening, in order to remodel the bone surrounding the hip prosthesis (adaptive function). The failure detection in hip implants and the regions of the implant where it occurs with time are currently being studied (Marschner et al., 2009; Rowlands et al., 2008; Alpuim et al., 2008; Puers et al., 2000) . To yield an architecture to accommodate energy harvesting systems, activation circuits to wake up deep sleep electronics, who relies on batteries to operate, have been developed to instrument hip prosthesis (Morais et al., 2009 ), but they have been powered inductively by external coils (Morais et al., 2009; Marcelli et al., 2007) . The detection/micro-stimulation system's operation demands for an autonomous bio-generation system that electrically must supply not only the telemetry but also the mechanical bio-stimulation systems. Only a vibration bio-generator, designed using the electromagnetic principle, was proposed to supply smart hip prosthesis (Morais et al., 2011; Morais et al., 2010) , but the multi-source methodology of the vibration-based energy harvesting system in the same hip implant was not approached. When the availability of the electric power supply is jeopardized, the reliability of the power supply mechanism decreases. This paper reports an electric vibration-based bio-generator from multiple energy sources for smart hip prosthesis. It is composed of a piezoelectric and two electromagnetic generation mechanisms in a same hip joint prosthesis. This methodology should serve as a reference for future work on smart hip prosthesis with the purpose of avoiding revision procedures. This paper is organized as follows: after this introductory section, the three generators that make up the prototype are described, from the theoretical background to the characterization of the practical design. The simulated and experimental generation results are presented and discussed in section 3. Finally, in section 4 conclusions and final remarks of this work are given.
MULTI-SOURCE ELECTRIC POWER BIO-GENERATORS

Hip Prosthesis Prototype
To validate the multi-source self-powered electrical supplying methodology, the commercially available Metabloc T M straight stem system (Zimmer Corporate, Warsaw, Indiana, EUA) was used as a model to design a passive hip prosthesis prototype. The size 10 of this stem system was modified to obtain a hollow hip prosthesis prototype. The fatigue resistance of instrumented hollow bone implants has already been guaranteed by fatigue tests (Westerhoff et al., 2009; Heinlein et al., 2007) . Figure 1 focuses on the full active prototype of the hip prosthesis with vibration-based electric power bio-generators. The electromagnetic-based transduction mechanisms were positioned respectively in the body and in the upper half of the head, whereas the piezoelectric-based transducer was mounted in the lower half of the femoral head. 
Energy Harvesting Systems
There are many possibilities to harvest electric energy from the surrounding environment. Biofuel Cells, magnetic induction, thermoelectric and vibration are some of the main sources used to harvest energy. High-quality articles and books have been published about this subject and highlight how important such mechanisms can be in the development of smart bone implants (Lu et al., 2011; Kaźmierski and Beeby, 2011; Carmo et al., 2010; Zhu et al., 2010; Beeby and White, 2010; Westerhoff et al., 2009; Priya and Inman, 2009; Kerzenmacher et al., 2008; Wei and Liu, 2008) . Vibration-based generation is currently the most appropriate solution to convert mechanical vibrations into electrical energy in order to electrically supply the active elements of the smart hip prosthesis (Morais et al., 2011; von Büren et al., 2006) .
Translation Movement-based Electromagnetic Energy Harvester
Using mechanical accelerations, obtained from human gait activities, as the energy source for energy scavengers, an electromagnetic power transducer (TEEH) was designed in the body of the hip prosthesis to take advantage of the movements in the abduction-adduction and flexion-extension axes through the hip joint (Winter, 2009; Whittle, 2007) .
Theory Background
The principle of the electromagnetic generation of electric energy is based on Faraday's law, who formulated that the relative movement of a coil within a constant magnetic field, generated by a permanent magnet, induces an electromotive force in that coil through the change in the magnetic flux (Ida, 2004) . The theory of the linear behaviour of the generality of the vibration-based generators, is already well developed (Kaźmierski and Beeby, 2011; Priya and Inman, 2009; Cook-Chennault et al., 2008; Gilbert and Balouchi, 2008; Beeby et al., 2006) . As with inertial resonant generators, they use mechanical movement as the physical condition to harvest electric energy. Linearly, they can be modelled as a single degree-of-freedom mechanical damping system represented by a second-order mass-spring-damper system, because the damping mechanism is proportional to the kinetic energy. The general resonant generator theory states that: (i) The mechanical input is the external mechanical vibration (represented below by yÔtÕ, as in figure  2 ). Generally, the human gait analysis has shown frequency movements between 0.5 Hz and 2 Hz. The international ISO 14242 standard specifies, for a frequency of 1 Hz, a pattern of the relative angular movement between articulating components and a pattern of the applied force for orbital bearing type wear testing machines of hip prosthesis. However, the real loading and displacement parameters are much more complex than the standardized ones, involving highly nonlinear functions with several parameters, such as the frequency of movements, weight, age, bone structure, health conditions, type of activity, muscle acceleration imposed by the patient's activity, among others; (ii) The mechanical structure can be modelled as an inertial frame (fixed referential) where a suspended seismic mass is attached, representing a magnet, coupled to a spring, which in turn is coupled to a damping element, representing the sum of the comprising parasitic losses and the electrical energy extracted by the transducer (Beeby et al., 2006) . External movements are transmitted by the inertial frame, producing a relative displacement zÔtÕ between the mass and the frame (as represented in figure  2 ), which is the amount of mechanical vibration to be converted into electric energy. The differential equation of this second order system is described as:
m zÔtÕ c zÔtÕ kzÔtÕ ¡m yÔtÕ
( 1) in which m is the seismic mass, k the stiffness of the spring and c is the damping coefficient. When this damping system is excited by an external sinusoidal vibration yÔtÕ YsinÔωtÕ, the solution of (1) is given by:
in which ω n kßm is the natural frequency and ζ cß2mω n is the total damping ratio of the resonant generator system. The damping coefficient resulting from electromagnetic transduction c e can be approximately achieved (considering only movements from high to zero magnetic fields (Beeby et al., 2006) ) by:
l is the perimeter of one turn of the coil, N is the number of turns of the coil, B is the flux density to which the coil is subjected, and R load , R coil and L coil are respectively the load resistance, coil resistance and coil inductance; (iii) The average power output, applying yÔtÕ YsinÔωtÕ, is defined as:
in which Ω ωßω n is a dimensionless parameter that denotes the difference between the real frequency and the natural frequency of the generator system. Considering V 2PR, the average voltage output can be estimated by:
(iv) In order to optimize the generation of electric power, the frequency of the hip kinematics must match the resonant frequency of the generator. Taking into account that the external vibration, which is the input of the bio-generator of smart hip prosthesis, cannot be controlled by the generator, the matching must be performed by tuning the resonant frequency of the generator. Although the vibration-based transducers are currently considered the best methodology to develop bio-generators from human gait at hip localization, a continuous matching of the frequency range of the hip kinematics of patients with the resonant frequency of the generator is a difficult task to do, because the duration and frequency of every-day human activities and the frequency of the activity itself are unpredictable (Morlock et al., 2001) . With constant resonant frequency, the best result is obtained when the human being controls the duration and frequency of the activity. Even so, a perfect match is not achievable. This linear model does not take into account the real mechanical input data (translational and rotational movements of the hip joint), and several other forces acting in the system, such as friction and gravity forces. However, it is a solid basis to start the study of the dynamic behaviour of this kind of system.
Permanent Magnet Vibration Power Generator Prototype
The generator prototype is composed of an extension coil spring (K 2.45 N/m, 5 mm of diameter, 10 mm of steady-state length and 0.2 mm 2 of wire section) and two neodymium disc magnets N35 (6 mm of diameter, 6 mm of height, 1.21 g of weight and 1.22 T of magnetic field), which are suspended inside a Teflon tube (c m 0.04) where enamelled copper wire (0.1 mm of diameter, 27 mm of length and 1.72 ¢ 10 ¡8 Ωm of electrical resistivity) was wound (N 2000 turns, 124.4 Ω of total wire resistance), which in turn was attached to the hip prosthesis fixture. The coil and the prosthesis make up the inertial frame. Two magnets were used to make larger the separation between the poles of the magnet, in order to ensure that the magnetic field lines were nearly perpendicular to the wiring direction of the coil, which leads to better results, according to Morais at al. (2011) . Figure 2 shows a 2-D representation of this bio-generator. The coil was located as close as possible to the magnetic field lines in order to maximize the change in magnetic flux and reduce friction between the tube and the magnet. Taking into account the volume restrictions inside the prosthesis, the coil was lengthened to maximize the number of coil turns. The spring was chosen to be nonferrous to avoid the induction of a current into the spring from the magnetic field generated by the magnet, preventing magnetic attraction between them that would stop the relative movement between the magnet and the coil during the human gait. With this design, the natural frequency of the electromagnetic transducer is 4.98 Hz and the total damping ratio is 0.2556. 
Rotation Movement-based Electromagnetic Energy Harvester
Another electromagnetic transducer was designed using the modular ball head of the hip prosthesis and an acetabular component, in order to exploit the potential of the rotation movement through the hip joint (REEH transducer).
Theory Background
According the Faraday's law, the total induced electromotive force (V em f ) in a circuit due to motion is given by the integral of the electric field intensity along the desired contour for the electromotive force, as given by equation 6 (Ida, 2004) .
in which v ¢ B is the induced electric field intensity, C is the desired contour (in this case a circle of R 4 mm of radius). The electromagnetic energy harvester based on the rotation movement of the hip prosthesis uses this same principle, which is also used to design alternating current generators. The total harvested energy is the total sum of the energy that can be harvested from the rotation around the flexion-extension axis and the energy acquired from the rotation around the inward-outward or the abduction-adduction axes, according to the following expression of the total induced electromotive force:
Equation 7 demonstrates that the voltage generation is maximized with the increase of the rotation change, which means that the higher the frequency the higher the output voltage. Because the amplitude of rotation around the flexion-extension is greater than the other rotations, the induced electromotive force harvested due to this rotation (Vx em f ) is predominant.
Permanent Magnet Vibration Power Generator Prototype
The ball head was hollowed to allow the installation of a circular winding of enamelled copper wire (AWG 42, 0.063 mm of diameter), which was coiled (N 4710 turns, 682 Ω of total wire resistance, 117.1 m of total length of the coil, 7.92 mm of average diameter) around a Teflon tube (5.8 mm of diameter, 12 mm of length) whose core was designed to be a steel cylinder (4 mm of diameter, 14 mm of length, 100 of relative permeability). Twenty-four neodymium disc magnets N52 (6 mm of diameter, 2 mm of height, 0.43 g of weight and 1.48 T of magnetic field) were put inside the structure of an acetabular component of high density polyethylene to set the magnetic field lines over the volume of the upper half of the ball head of the hip prosthesis, according to figure 3. Six groups of two magnets, positioned equidistantly, were settled symmetrically in the acetabulum with six other groups of two magnets, also positioned equidistantly. Therefore, the rotation around the flexion-extension axis and around the inward-outward axis or the abduction-adduction axis (depending on the location of the magnets) are used as the vibration source to harvest electric energy. Figure 4 presents the electromagnetic-based generator to be applied to the human hip implant. 
Piezoelectric Energy Harvester
A piezoelectric power generator (PEH) was designed to exploit the potential of the axial load over the hip joint in the harvester process. Figure 5 provides a representation of the piezoelectric-based generator applied to the human hip implant. 
Piezoelectric Power Generator Prototype
A piezoelectric ceramic diaphragm (ref. 7BB-12-9, muRata Corporate, Kyoto, Japan) with 9 mm of diameter and 0.22 mm of thickness (12 mm of plate size, 0.1 mm of plate thickness and 9.0¨1.0 kHz of resonant frequency) was put in the lower half of ball head of the hip prosthesis, in order to transduce the large axial load changes during the gait cycle over it into electric energy (Priya and Inman, 2009 ). The maximization of the electric power harvested requires the matching of the frequency range of the axial load over the hip joint of patients with the resonant frequency of the transducer. However, the unpredictability of the frequency of the axial load makes this task hard to implement.
Theory Background
General 1-D piezoelectric vibration energy harvesters can also be modelled as a single degree-of-freedom mechanical damping system, represented by a second-order mass-spring-damper system (Renno et al., 2009; duToit et al., 2005) . These standard models are inaccurate for our purpose since the total mechanical damping ratio is not equal to the mechanical damping ratio of the second-order mass-spring-damper system, because the piezoelectric element is attached to the hip prosthesis structure, which settles a new mechanical damping ratio and a proof mass very difficult to find due to the geometry of the prosthesis. An artificial neural network model (Kalogirou, 2000) was used to overcome this ill-defined problem, offering an alternative way to predict the power and energy conversion of this transducer mechanism. A multilayer 'feed-forward' neural network (ANN) was trained to perform the matching between the input data (a series of pairs of the frequency and amplitude of sinusoidal axial forces over the head of the hip prosthesis) and the target data (average power and peak-to-peak voltage), acquired from experimental tests. The ANN consists of one input layer, with two neurons, two hidden layers, with seven neurons each, and one output layer, with two neurons, as shown in figure 6 and equation 8. The Levenberg-Marquardt's algorithm was used as the training algorithm and the mean square error of 1.0 ¢ 10 ¡20 as the convergence criteria for the network training. Sigmoid functions (Tansig) for the hidden layers and linear function (Purelin) for the output layer were used as the transfer functions.
in which y N is the output 2 ¢1 matrix, i N is the 2 ¢1 input matrix, IW 1 is a input weight 7 ¢2 matrix, LW 1 and LW 2 are respectively layer weight 7 ¢7 and 2 ¢7 matrices, and b 1 , b 2 and b 3 are respectively bias 7 ¢1, 7 ¢ 1 and 2 ¢ 1 matrices. f L and f S are respectively linear and sigmoid functions. 
RESULTS AND DISCUSSION
All experimental procedures were performed with a mechanical testing machine used to study the tribological behaviour of materials for hip joint prosthesis . Each generator was independently tested. The generated instantaneous voltage signal was acquired from the combination of the amplitude of several rotational and translational movements and the associated frequency.
For each harvesting element and for each combination amplitude/frequency, the experimental generated average and peak power, energy and peak-to-peak voltage were analysed. These experimental results were compared with the models reported in sections 2.3.1, 2.4.1 and 2.5.2.
TEEH Results
A load resistance of 979 Ω was used to enable the energy transfer of this bio-generator when sinusoidal input vibrations with amplitudes in the range 10 mm to 40 mm and frequencies in the range 0.5 Hz to 4 Hz were applied to the generator. Figures 7 and  8 show respectively the results of the experimental and simulated average power, whereas figure 9 highlights respectively the results of the experimental and simulated peak-to-peak voltage. The maximum energy harvested was 53.7 µJ/s when the sinusoidal function has an amplitude of 40 mm and a frequency of 4 Hz. With the same amplitude but with a frequency of 2.5 Hz, 12.7 µJ/s can still be harvested. It is clear that energy production is increased by increasing amplitude and frequency. This harvester is able to provide 567.4 µW of instantaneous peak power when the input is excited with an amplitude of 40 mm and a frequency of 3 Hz. 
REEH Results
A load resistance of 8.98 kΩ was used to enable energy transfer of this bio-generator when sinusoidal rotations in the flexion-extension axis with amplitudes in the range 50 ¥ to 70 ¥ and frequencies in the range 0.5 Hz to 2.5 Hz, were applied to the generator. Figures 10 and 11 show the experimental results. Figures 12 and 13 highlight the simulated results using 80 mT as the magnetic field in the winding (measured at the ends of the winding). The maximum energy harvested was 0.77 µJ/s when a sinusoidal function with an amplitude of 60 ¥ and a frequency of 2.5 Hz was applied. With an amplitude of 70 ¥ and a frequency of 1.5 Hz, 0.39 µJ/s can still be harvested. The increased energy production with increasing amplitude/frequency is also verified. This harvester provides 3.1 µW of instantaneous peak power when the input is excited with an amplitude of 60 ¥ and a frequency of 2.5 Hz.
Figure 10: Experimental average power harvested from the REEH transducer (the plus sign refers to peak-to-peak amplitudes in the range ¡10 mm to 60 mm, ¡10 mm to 50 mm and ¡10 mm to 40 mm; the square refers to peak-to-peak amplitudes in the range ¡20 mm to 50 mm, ¡20 mm to 40 mm and ¡20 mm to 30 mm).
Figure 11: Experimental voltage harvested from the REEH transducer (the plus sign refers to peak-to-peak amplitudes in the range ¡10 mm to 60 mm, ¡10 mm to 50 mm and ¡10 mm to 40 mm; the square refers to peak-to-peak amplitudes in the range ¡20 mm to 50 mm, ¡20 mm to 40 mm and ¡20 mm to 30 mm).
PEH Results
External sinusoidal forces with amplitudes in the range 100 N to 250 N and frequencies in the range 0.5 Hz to 4 Hz were applied to the generator. A load of 1 MΩ was used to enable the energy transfer. Figures  14 and 15 show the experimental results, whereas figures 16 and 17 highlight the validation results of the 'feed-forward' neural network using only data not used in the training process. The maximum energy harvested was 0.6 µ J/s when the sinusoidal function has an amplitude of 200 N and a frequency of 4 Hz. With an amplitude of 100 N and a frequency of 2.5 Hz, 0.2 µ J/s can still be harvested. Regarding the instantaneous peak power, this generator can harvest 9.1 µW for frequencies of 3.5 Hz and 4 Hz. 
MULTI-SOURCE ENERGY HARVESTING POWER GENERATORS FOR INSTRUMENTED IMPLANTS -
Discussion
The concept of energy harvesting from multiple energy sources was proved in this study as a reliable methodology to suffice the electrical power needs of smart hip prosthesis. According to Morais et al. (2011) , a total energy consumption of about 360 µJ with an average power of 1.21 µW is required to power a telemetric system of a hip prosthesis for a working period of 300 seconds. Three transducers provide electric energy to supply a telemetry system, but they also ensure the availability of the electric supply, underlining the development of optimized electric power harvesting elements from multiple energy sources, towards the design of a new concept of smart hip prosthesis based on its lifetime extension. However, experimental results show that each transducer must be optimized in order to maximize electric generation during typical walking speeds, namely in the range between 0.5 Hz and 2 Hz, and to allow the osteointegration monitoring as well as mechanical micro-stimulation. Due to the tracking performance of the control operations of the testing machine, a small loosening between the acetabular component and the femoral head occurs when the current force is near to zero in the tracking of sinusoidal trajectories. This explains the higher values of the voltage harvested from the PEH transducer for 100 N of amplitude over higher amplitudes for the same frequency. The developed models for the electromagnetic transducers do not perfectly represent all possible dynamics of the electric power generation process. More accurate models are being designed to carry out optimization programs. The piezoelectric transducer must be redesigned to remain attached to the hip prosthesis but its dynamic behaviour should not be significantly affected by the mechanical properties of the implant. Also note that the energy profiles must be simulated and measured under in-vitro and in-vivo realistic conditions. Although the power harvested from the TEEH transducer is dominant over the other transducers, all the three bio-generators are being optimized in order to maximize its ability to harvest energy from the human motion. The development of efficient power management modules is outside the scope of this study.
Optimization of the TEEH Generator
The major problem of this transducer is the matching between the frequency range of the hip kinematics of patients and the resonant frequency of this bio-generator. A possible solution to this problem is the development of a broadband energy harvesting that must carry out the power maximization over all the frequency range of the hip joint kinematics. Another problem of this transducer is the use of a coil spring, because the spring constant decreases over time during operation, which can jeopardize the autonomy of the smart hip prosthesis. Magnetically levitated generators are a potential solution for this specific situation, which must however be designed for a broadband application.
Optimization of the REEH Generator
A constant magnetic field and an average radius for the coils were assumed in the model presented in section 2.4.1. However, the magnetic field, produced by the several magnets put in the acetabular component, is neither constant nor uniform, which makes expression 7 for the voltage generation a highly nonlinear function. On the other hand, the magnets are at a distance from the winding such that the magnetic field over the winding is very low.
Several issues must be considered in order to maximize the generation of electric power by this transducer: (1) minimize the distance between the magnets and the winding; (2) maximize the radius of the winding and the number of wire turns; (3) setup concave magnets in order to ensure a uniform magnetic field; (4) setup a core of a material with very high relative permeability; (5) development of a transducer design based on a broadband approach.
Optimization of the PEH Generator
The piezoelectric transducer was designed with only a single piezoelectric element, which resonant frequency is much higher than the frequency of the hip joint kinematics. The presented piezoelectric harvesting is not based on a cantilevered broadband vibro-impacting power transducer methodology, which performs high vibration frequencies after mechanical impacts. Besides, the installation of a stack of piezoelectric elements with much lower resonant frequency and performing as a broadband energy harvesting must be considered in order to multiply the generation of electric energy.
CONCLUSIONS AND FINAL REMARKS
The development of smart prosthesis is a rising trend of the concept of instrumented prosthesis. In the case of the hip prosthesis, expertise methodologies are claimed to be developed in order to preventively fix the loosening problem during the lifetime of the implant in order to avoid revision procedures. The first demand to achieve this goal is the design of energy harvesting elements to electrically supply the telemetric systems and the design of active mechanisms that can preventively fix the loosening problem. This paper reports the first study about the development of an energy harvesting system from multiple sources for smart hip prosthesis. Considering the energy obtained from the movement as the most abundant in the human body, three energy harvesting power bio-generators, namely a piezoelectric-based and two electromagnetic-based harvesting elements, were designed to harvest energy from several movements over the femoral component. They were able to produce energy to supply the power needs of a telemetric system. This approach ensures the availability of the electric power supply and operates autonomously, safely and without maintenance during the lifetime of the hip prosthesis. An ongoing optimization of the harvesting elements is being conducted in order to improve the electric power bio-generation up to levels required by the active actuators that would prevent the aseptic loosening.
